Plants regulate photosynthetic light harvesting to maintain balanced energy flux into photosystems I and II (PSI and PSII). Under light conditions favoring PSII excitation, the PSII antenna, light-harvesting complex II (LHCII), is phosphorylated and forms a supercomplex with PSI core and the PSI antenna, light-harvesting complex I (LHCI). Both LHCI and LHCII then transfer excitation energy to the PSI core. We report the structure of maize PSI-LHCI-LHCII solved by cryo-electron microscopy, revealing the recognition site between LHCII and PSI. The PSI subunits PsaN and PsaO are observed at the PSI-LHCI interface and the PSI-LHCII interface, respectively. Each subunit relays excitation to PSI core through a pair of chlorophyll molecules, thus revealing previously unseen paths for energy transfer between the antennas and the PSI core.
D
uring oxygenic photosynthesis, photosystems II (PSII) and I (PSI) operate in series and are tightly coupled to allow efficient light-driven electron transport. Both photosystems are multisubunit supramolecular complexes containing a core complex and the peripheral antenna system (1, 2) . In plants, the peripheral antennas are composed of light-harvesting complexes (LHCs). LHCIs (containing the Lhca apoproteins) are associated with the PSI core, forming the PSI-LHCI complex, whereas LHCIIs (containing the Lhcb apoproteins) are mostly attached to the PSII core, constituting the PSII-LHCII complex. The antenna systems of PSI or PSII have different pigment compositions and hence different light absorption properties. Red and far-red light preferentially stimulate PSII and PSI, respectively, and fluctuating illumination can cause unequal excitation of the two photosystems. Balanced light harvesting is crucial for efficient photosynthesis; thus, plants have developed both short-term and long-term adaptation to the constantly changing light conditions in the natural environments. State transitions are a short-term response occurring on a time scale of minutes (3) and allow a balanced energy distribution between the two photosystems when light quality changes (4-6). During state transitions, the trimeric LHCII (composed of different combinations of Lhcb1-3) is reversibly phosphorylated and dephosphorylated, a process controlled by the redox state of plastoquinone (PQ) and regulated by a chloroplast kinase (STN7) and phosphatase (PPH1, also known as TAP38) in plants (5, 6) . In state 1, LHCIIs are mostly associated with PSII and transfer excitation energy to the PSII core. Under light conditions favoring PSII excitation, overexcitation of PSII leads to a reduction of the PQ pool, activation of STN7 kinase, and subsequent phosphorylation of the N-terminal region of LHCII. A portion of the phosphorylated LHCIIs (mobile LHCII) move laterally within the thylakoid membrane from PSII to PSI, forming the PSI-LHCI-LHCII supercomplex and resulting in a switch from state 1 to state 2. The mobile LHCII serves as a peripheral antenna of PSI in addition to LHCI, increasing energy transfer toward the PSI core. Under natural light conditions, state transitions are necessary for optimal plant growth and fitness (7) (8) (9) .
A two-dimensional projection map of the PSI-LHCI-LHCII supercomplex at 16-Å resolution (10) revealed a single LHCII trimer associated with the PSI core on the opposite side of LHCI (10, 11) , yet the protein-protein and pigmentpigment interactions between LHCII and PSI remain unclear. Although crystal structures of plant LHCII had been solved previously (12, 13) , the N-terminal tail of LHCII containing the phosphorylation site was not observed in these structures. It remains an unresolved question as to how the phosphorylated LHCII enhances its interaction with PSI. Plant PSI-LHCI includes a core complex made up of 14 subunits (PsaA to L, PsaN, and PsaO) and a peripheral antenna system containing four LHCI proteins organized as two heterodimers (Lhca1-Lhca4 and Lhca2-Lhca3) (2) . Recent crystal structures of pea PSI-LHCI (14, 15) revealed the architecture and location of 16 subunits, but two plant-specific subunits, PsaN and PsaO, were not observed in these structures. An intact PSI-LHCI structure should allow for a better understanding of the energy transfer within the PSI-LHCI complex.
We purified PSI-LHCI-LHCII from maize leaves treated with orange light, which induces the shift into state 2 ( fig. S1 ). Using single-particle cryoelectron microscopy (cryo-EM), we solved the PSI-LHCI-LHCII structure at an overall resolution of 3.3 Å ( fig. S2 and table S1). One LHCII trimer binds PSI at the PsaA side (Fig. 1) . In addition to the 16 subunits present in the previously reported structures (14, 15), we identified two areas of density corresponding to the subunits PsaN and PsaO (Figs. 1B and 2 and fig. S3 ). The PSI-LHCI moiety in the PSI-LHCI-LHCII supercomplex shows the most complete protein composition, with no known subunit missing (Fig. 1,  fig. S4A , and table S2). LHCII exhibits lower resolution than the PSI-LHCI portion; however, its location and orientation are assigned unambiguously as the transmembrane helices are well resolved ( fig. S3D ). In our PSI-LHCI-LHCII structure, the membrane-spanning regions of PSI-LHCI and LHCII are not coplanar but instead form an angle of about 10°( fig. S3A ). The curved structure of the PSI-LHCI-LHCII supercomplex may indicate a role for the membrane-embedded complexes in influencing the native membrane architecture, as previously suggested for the mitochondrial adenosine 5′-triphosphate (ATP) synthase (16) . Superposition of the PSI-LHCI moiety in our maize supercomplex structure with the two previously reported pea PSI-LHCI crystal structures (14, 15) reveals that, except for PsaN and PsaO, all other 16 PSI-LHCI subunits are similar to their counterparts from pea and exhibit small variations in their hydrophilic loop regions ( fig. S4 ). On the basis of the cryo-EM density, we were able to build several subunits with more complete structures ( fig. S4 , B to D, and table S2) and assigned a few more chlorophyll molecules ( fig. S4 , E and F, and table S3).
PsaN exists exclusively in the eukaryotic PSI (17) and is the only membrane-extrinsic PSI subunit found at the luminal side (18) . PsaN is easily detached from PSI by salt washing (19) . We purified the supercomplex at low ion concentration through one-step isolation after mild solubilization of the thylakoid membranes to keep PsaN attached. We further confirmed the presence of PsaN in our PSI-LHCI-LHCII sample by immunoblotting ( fig. S1E ). PsaN is composed of three a helices and binds two chlorophylls (named a1001 and a1002) ( Fig. 2A and fig. S5 ). PsaN is located near the luminal regions of PsaA, PsaF, and PsaJ, where it fills the empty space between Lhca2 and PsaA ( Fig. 2B and fig. S6, A and B) . This location is consistent with previous biochemical and genetic studies (20) (21) (22) and suggests a role in connecting these subcomplexes. In crystal structures of pea PSI-LHCI (14, 15) , a large gap is present between Lhca2 and the core complex at the luminal side. Because of the longer distances between interfacial chlorophylls, the excitation energy transfer (EET) from Lhca2 to the core was suggested to mainly flow via Lhca3, an inefficient pathway involving multiple steps. In our structure, two "linker chlorophylls" from PsaN create direct EET pathways between Lhca2 and the PSI core (Fig. 3, A and B, and table S4 ). Chl a1001 from PsaN is strongly connected with the red form Chl a603 from Lhca2 and is in close contact with Chl a808 from PsaA, thus establishing the major EET pathway from Lhca2 to the PSI core (Fig. 3C) . In addition, both chlorophylls from PsaN can receive excitation energy from luminal chlorophylls of Lhca2, further facilitating the energy transfer between Lhca2 and the PSI core. The arrangement of chlorophylls in PSI-LHCI moiety in our structure is consistent with previous picosecond fluorescence spectroscopy showing that Lhca2 can efficiently transfer the absorbed energy to the core in a direct manner (23, 24) . PsaN is also necessary for the efficient interaction between PSI and plastocyanin (Pc) (25) We also identified density corresponding to PSI subunit PsaO, with two transmembrane helices and N-and C-termini loops along stromal surface. Two chlorophylls, named a2001 and a2002, are located near the luminal and stromal surfaces, respectively (Fig. 2C and fig. S7 ). An earlier report suggested that PsaO is involved in the formation of the docking site for LHCII (27) , and state transitions were reduced by 50% when PsaO expression was abolished in Arabidopsis (28). Our structure shows a direct connection of PsaO with LHCII and several PSI core subunits (Fig. 2D ), in agreement with cross-linking studies (27, 28) . PsaO interacts with PsaL, PsaA, and PsaK at the stromal surface, PsaA at the luminal side, and LHCII at their membrane-spanning interface. The N-terminal region of one LHCII monomer (M1) (Fig. 1A) forms close contacts with core subunits PsaL, PsaH, and PsaO at the stromal side ( fig. S8 ). Recent reports showed that the mobile LHCII is mainly composed of (Lhcb1) 2 Lhcb2 trimer, and the phosphorylated Lhcb2 (pLhcb2) is responsible for the association of LHCII with PSI under state 2 conditions (29-31). The specific features of the cryo-EM density around the N-terminal tail of monomer M1 match with the Lhcb2 sequence (figs. S3D and S8C) but not with that of Lhcb1, which is five residues longer than Lhcb2 at the N-terminal region ( fig. S9 ). We therefore assigned the monomer M1 as pLhcb2 and the other two monomers as Lhcb1 (Fig. 1A) . The high-quality cryo-EM density ( fig. S8C ) allowed the construction of the complete N-terminal region of pLhcb2, including its phosphorylated Thr 3 (pThr 3 ) residue. The phosphate group of pThr 3 strongly interacts with several residues from PsaL (Fig. 2E) . These residues are conserved in plant PsaL and located at an extended stromal loop, which is absent in cyanobacteria (fig. S10) (Fig. 2E) . The first three residues are completely conserved among Lhcb2 from different plants, and Lhcb1 always has a Lys residue at its second position ( fig. S9 ), which may be less favorable for interacting with PsaL. The relatively shorter N-terminal region and the specific residue at the second position (Arg 2 ) of Lhcb2 are likely to account for the specificity of Lhcb2 interacting with the PSI core. In addition, our structure shows that the plant-specific subunits (PsaO and PsaH) and the extended stromal loop of PsaL are essential for PSI to interact with Lhcb2, explaining the crucial role of PsaH and PsaL in state transitions (32) . The strong interactions at the stromal side between PSI and LHCII are probably responsible for the curved architecture of the supercomplex ( fig. S3A) .
In addition to its structural role, PsaO also mediates EET from LHCII to the PSI core through its two chlorophylls (Fig. 3, A and B, and table  S4 ). PsaO may receive the excitation energy from Lhcb2 of LHCII at both stromal and luminal layers (Fig. 3D) . Chl a2001 from PsaO is located close to Chl a611 from Lhcb2. The Chl a611/a612/ a610 cluster in LHCII was proposed to be at the lowest-energy state (33) , so the excitation energy equilibrated within the LHCII trimer may be focused on this Chl cluster in Lhcb2 and further transferred to PsaO. In addition, PsaK may be involved in alternative EET pathways by receiving the excitation energy from Lhcb1 at both stromal and luminal sides. The excitation energy collected by LHCII will be further transferred to the stromal cluster a823/a824/ a845 and the luminal pair a836/a837 in PsaA. The network of chlorophylls within LHCII and PSI core observed in our structure agrees with previous spectroscopic results demonstrating that the LHCII trimer associated with PSI is a highly efficient light harvester (11, 34, 35) . These well-connected interfacial pigments should provide multiple EET pathways between LHCII and the PSI core, similar to the connections mediated by PsaN between LHCI and the PSI core.
